Key Points:
lationship between SCA and its underlying biological drivers has been studied using tracer trans-53 port models since the 1980s [Pearman and Hyson, 1980; Fung et al., 1983 Fung et al., , 1987 Randerson 54 et al ., 1997] . The SCA of CO 2 has been increasing for decades across the Northern Hemisphere, 55 and this amplification has long been attributed to intensification of carbon metabolism on land 56 [Bacastow and Keeling, 1981] . More recently, a number of studies have argued that the am-57 plification of the seasonal cycle of CO 2 at high latitude stations and from aircraft sampling 58 reflects a response of northern ecosystems to climate change [Graven et al., 2013; Forkel et al., 59 2016] or to enhanced agricultural productivity [Gray et al., 2014; Zeng et al., 2014] . Models 60 of changes in carbon cycling in Boreal and Arctic ecosystems are especially divergent [Fisher 61 et al., 2014a], which has led to a strong research emphasis on detailed regional measurements 62 of atmospheric carbon budgets [Miller and Dinardo, 2012] .
63
Attribution of changes in SCA to ecological processes in specific regions requires quan-64 titative treatment of atmospheric transport. The observed SCA increases almost monotonically 65 with latitude, yet biological productivity has a maximum in the midlatitudes. Regional CO 2 66 budgets based on drawdown or sources in the atmospheric boundary layer show substantial 67 effects of meridional advection [Bakwin et al., 2004; Helliker et al., 2004] . Meridional CO 2 68 transport by synoptic weather disturbances is systematically correlated with ecosystem metabolism 69 on land [Parazoo et al., 2008; Hurwitz et al., 2004] and is acknowledged to play a critical role 70 in determining the seasonal cycle at high latitudes [Fung et al., 1983; Parazoo et al., 2011] .
71
Attempts to construct regional carbon budgets for high-latitude ecosystems using observations On average, the land is a net source of CO 2 to the atmosphere (6.54 Pg C yr −1 ), contribut-106 ing 9.21 Pg C yr −1 from fossil fuels and removing 2.67 Pg C yr −1 from the atmosphere through 107 biosphere uptake. However, biosphere fluxes are strongly seasonal. In the winter, the biosphere cle will be the focus of the analysis in the subsequent sections.
157
Our aim is to use the idealized tracer to understand the relative importance of surface 
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Name Description
Control
The atmosphere exhibits a seasonal cycle and the idealized tracer sources and sinks are as shown in Fig. 1 .
ArcticOff
As in Control, except the fluxes at and poleward of 60 o N are set to zero. modified by the lack of a seasonal cycle (to be discussed). The Control simulation has a seasonal cycle in the atmosphere, determined by the dy- Chem. While small differences can certainly be found, the general observation that the CO 2 240 concentrations peak near the surface just poleward of the maximum source, and that the CO 2 241 concentrations slope upward and poleward are clearly evident in both models.
AddMaxMin

242
Our interest here is the seasonality of tracer concentrations, and so where it begins to decrease slightly (as will be discussed, this decrease at high latitudes is also clouds, no topography, no dynamic biosphere, the seasonal cycle amplitude of the idealized
265
CO 2 tracer increases with latitude as it does in the observations and in GEOS-Chem (to be 266 discussed). We will use these idealized simulations to explore why this might be the case. troposphere, and this is shown in Fig. 6a , where the colors denote the SCA at each latitude 274 and altitude. Note that horizontal cross-sections of Fig. 6a produce the curves shown in Fig.   275 5b. As was the case for the concentrations (Fig. 4) , the SCA is largest near the surface and 276 decreases upward for a fixed latitude (as we also saw in Fig. 2b at 60 o N). But, more impor-277 tantly, contours of SCA do not lie horizontally along pressure surfaces, but rather, curve up-278 ward and poleward. Thus, not only is the tracer being transported along isentropes, but so is 279 the seasonality. 
291
The 285 K isentrope (red) also exhibits nearly constant SCAs of the tracer for all latitudes.
292
The constant SCA with latitude begins to breakdown for the tracer along the 280 K isentrope
293
(yellow) as this isentropic surface is located in the lower-troposphere at high latitudes where 294 cross-isentropic sinking of the tracer (and its seasonality) due to radiative cooling becomes im-295 portant.
296
The fact that the tracer, and thus its seasonality, are transported to high latitudes along 
320
We will further test this hypothesis in the following section. 
326
To quantify the importance of Arctic surface fluxes, we ran an additional simulation, termed
327
ArcticOff, where the Arctic surface fluxes (both sources and sinks) were set to zero. Fig. 8a 328 shows the SCA of the idealized tracer in this simulation. The SCA is smaller in the ArcticOff 329 simulation compared to the Control (Fig. 6a) , as one might expect due to the absence of Arc-330 tic surface fluxes. However, the main point is that the structure of the SCA is the same be- Rectangles at the lowest level represent the average source (red) and sink (blue) throughout the year at that latitude. To provide further support, we have performed the same ArcticOff simulation with GEOS-
345
Chem. Fig. 8b and Fig. 9b show the SCA from GEOS-Chem as done for the idealized aqua- 
374
To quantify the relative importance of these perturbations throughout the entire tropo-379 sphere, we plot in Fig. 11 the latitude perturbation which results in the largest change in SCA. 
Circulation-driven seasonality
406
Up until now, we have discussed the seasonality of the idealized tracer as a whole. How-407 ever, this seasonality is actually driven by two separate components: (1) a seasonality in the 408 tracer source/sink and (2) a seasonality in the atmospheric transport (i.e. circulation). In or-
409
der to investigate the relative roles of each of these two components, we make use of our ide-410 alized modeling framework and discuss simulations where the seasonality of the circulation 411 is removed (i.e. constant incoming solar radiation). We will show that although the season-412 ality of the surface fluxes dominate the total tracer seasonal cycle, the seasonality of the cir-413 culation contributes a non-negligible amount.
414
To remove the influence of the circulation's seasonal cycle, we perform a simulation, termed tions, which is plotted in Fig. 12b . Fig. 12 
